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Abstract. Droughts can induce important building damages
due to shrinking and swelling of soils, leading to costs as
large as for floods in some regions. Previous studies have fo-
cused on damage data analysis, geological or constructional
aspects. Here, a study investigating the climatic aspects of
soil subsidence damage is presented for the first time. We
develop a simple model to examine if the meteorology has
a considerable impact on the interannual variability of dam-
ages from soil subsidence in France. We find that the model
is capable of reproducing yearly drought-induced building
damages for the time period 1989–2002, thus suggesting a
strong meteorological influence. Furthermore, our results re-
veal a doubling of damages in these years compared to 1961–
1990, mainly as a consequence of increasing temperatures.
This indicates a link to climate change. We also apply the
model to the extreme summer of 2003, which caused a fur-
ther increase in damage by a factor four, according to a pre-
liminary damage estimate. The simulation result for that year
shows strong damage underestimation, pointing to additional
sources of vulnerability. Damage data suggest a higher sen-
sitivity to soil subsidence of regions first affected by drought
in the 2003 summer, possibly due to a lack of preparedness
and adaptation. This is of strong concern in the context of cli-
mate change, as densely populated regions in Central Europe
and North America are expected to become newly affected
by drought in the future.
Correspondence to: T. Corti
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1 Introduction
Climate models project an enhanced occurrence of droughts
in mid-latitude regions (e.g., Wang, 2005; Christensen et al.,
2007; Sheffield and Wood, 2008), particularly in Europe
(Seneviratne et al., 2006b; Gao and Giorgi, 2008) and Central
North America (Seager et al., 2007). This could have majors
impacts on human health (Haines et al., 2006), agriculture
(Easterling et al., 2007) and water management (Schindler
and Donahue, 2006; Milly et al., 2008). Moreover, changes
in drought occurrence could also lead to increasing damages
from soil subsidence.
Soil subsidence is a process by which certain soils shrink
and swell in response to dry and wet conditions (Bronswijk,
1989). In France, soil subsidence has caused as much dam-
age as floods in recent years (CCR, 2007). The large cost
for society is contrasted by a general lack of concepts to
assess the risk associated with this hazard. There are ap-
proaches available to simulate damages caused by other nat-
ural hazards such as floods (e.g., Dutta et al., 2003; Apel
et al., 2006), winter storms (Klawa and Ulbrich, 2003) and
landslides (Dai et al., 2002). However, such applications
have not been attempted previously for drought-induced soil
subsidence damages, since previous studies concerning this
hazard have mainly focused on damage data analysis, ge-
ological or constructional aspects (e.g., Doornkamp, 1993;
Plante, 1998; Crilly, 2001). The present study is thus a novel
project developping a meteorologically-based modeling sys-
tem for this hazard. In this article, we first introduce the phe-
nomenon of soil subsidence in more detail. Then, we de-
velop a simple model driven by meteorological observations
to simulate damages from soil subsidence and investigate the
impact of meteorology on the interannual variability of dam-
ages in France.
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Fig. 1. Schematic of the impact chain leading to building dam-
ages from soil subsidence. Meteorology (a), soil hydrology (b),
soil shrinkage and swelling (c), building damage (d).
2 Drought-induced soil subsidence
Soil subsidence can be understood through links between
meteorology, soil hydrology, soil mechanics and building
damage, as illustrated in Fig. 1. Meteorology (temperature,
precipitation, and radiation) is the principal factor driving the
soil water balance, which determines in turn the amount of
water in the soil. Within the soil, soil type is an important fac-
tor in determining the extent of volume changes with chang-
ing soil water content (Boivin et al., 2006). Critical soil prop-
erties are, among others, soil depth, the fraction of swelling
clays and the soil’s ability to take up water. Combined, the
soil properties determine the amount of vertical soil move-
ment as the soil alternates between wet and dry conditions,
potentially harming buildings or other infrastructure.
However, it appears that not all buildings are affected to
the same extent by shrinking and swelling soils. A survey of
damaged buildings in Great Britain (Crilly, 2001) has shown
that detached buildings are more affected than others, and
that the age of buildings and foundation depth can play a
role. In this study, we will assume that the influence of re-
gional differences in constructional aspects are negligible on
the national level.
In France, the phenomenon of soil subsidence was first
observed after the 1976 drought, when severe building struc-
ture failures occurred. After the 1989 drought, tens of
thousands of residential buildings were affected (Salagnac,
2007). As a consequence, soil subsidence was integrated
in the French natural catastrophes insurance system (Cat-
Nat). In addition, a geological risk assessment was initiated,
led by the Bureau de Recherches Ge´ologiques et Minie`res
(BRGM). The amount of damage peaked in 2003, when
the summer drought caused unprecedented damage of over
1000 Mio Euro according to a recent estimate (CCR, 2007).
Soil subsidence differs from other natural hazards such as
floods, avalanches and landslides in several respects. First, as
a drought-related hazard, soil subsidence develops on time
scales of months. Second, the soil movement is generally
not clearly evident, with typical vertical displacements in the
range of centimeters (Plante, 1998). Third, the affected area
is larger than for most other natural hazards. These special
characteristics of soil subsidence implicate also that numeri-
cal models and simulation frameworks designed to quantify
damages from floods (e.g., Dutta et al., 2003, Apel et al.,
2006) and other natural hazards cannot be applied to soil sub-
sidence.
3 Employed datasets
3.1 Damage data – countrywide estimates
Two estimates for soil subsidence damage in France have
been obtained from the Caisse Centrale de Re´assurance
(CCR) and the Fe´de´ration Franc¸aise des Socie´te´s
d’Assurance (FFSA), covering the period 1989 to 2002
(Dumas et al., 2005). We use the mean values of the two
datasets as best estimates. The data has been adjusted to the
year 2000 based on the growth of Gross Domestic Product
(GDP) and Consumer Price Index (CPI), in order to account
for the increasing number of buildings and their value,
respectively. The uncertainty range was determined as twice
the mean difference between the two data sets and at most
30% of the reported value of one year. For the year 2003, a
preliminary damage estimate is available from CCR (CCR,
2007).
The damage data represents the amount of compensations
granted in cases when a declaration of state of natural disaster
due to soil subsidence was issued by an interministerial de-
cree. This means that the reported damage might contain an
administrative or political component, which does not neces-
sarily reflect the real magnitude of the event. It also impli-
cates that the reported damage is attributed to a single event,
facilitating its comparison to simulated damage.
3.2 Damage data – departmental resolution
In addition to the damage data on national level, anonymized
data with departmental resolution was collected from sev-
eral insurers by the Swiss Reinsurance Company. The data
cover the years 1997 to 2003. Upscaling to the whole French
market shows that the data is in good agreement with the
values provided by CCR and FFSA. Within the departments,
the damage data was disaggregated based on the population
distribution. This data allows the detection of regional differ-
ences in the sensitivity to soil subsidence.
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3.3 Meteorological data
Monthly mean temperature and precipitation observations
were obtained from two gridded data sets: CRU TS 2.1
(Mitchell and Jones, 2005) and E-obs (Haylock et al., 2008).
The meteorological data was interpolated to a regular grid
with 0.05 degrees resolution.
3.3.1 Population distribution
Population density data was obtained from the European En-
vironment Agency Data Service and interpolated to derive
the number of inhabitants on a 0.05 degrees spatial resolu-
tion.
4 Model
4.1 Overview
We simulate soil subsidence damages on a grid of 0.05 de-
grees resolution (i.e., 25 400 grid points) with a soil model
driven by meteorological observations in combination with
an indicator-based loss model. The model approach is com-
parable to model frameworks for other natural hazards (e.g.,
winter storms, see Klawa and Ulbrich, 2003).
The soil subsidence damages are computed as follows.
First, we use the soil model underlying the Palmer Drought
Severity Index (PDSI) to compute the monthly water bal-
ance. A detailed description of this widely-used model (see
e.g., Trenberth et al., 2007) can be found in Palmer (1965)
and Weber and Nkemdirim (1998). In brief, we solve the
equation
WC
dθ
dt
= P − E − R, (1)
where WC is the water holding capacity, θ the relative soil
moisture saturation, E the evapotranspiration and R the
runoff. The precipitation P is defined by the gridded precip-
itation observations. The evapotranspiration E is equivalent
to potential evapotranspiration (PET) according to Thornth-
waite (1948) in case of saturated soil moisture conditions.
The computation of PET requires temperature observations.
Under unsaturated conditions, evapotranspiration is derived
based on a precipitation-limited approach (see Weber and
Nkemdirim, 1998). Runoff R occurs when soil saturation
is exceeded. The water holding capacity WC is the only free
model parameter that needs specification. Finding the cor-
rect value for this parameter is difficult, which is also re-
flected in the largely variable specifications of land surface
models (Seneviratne et al., 2006a). There are soil hydro-
logical maps available, but these describe the properties of
natural soils, whereas the soil structure surrounding build-
ings is essentially artificial. In the absence of better knowl-
edge, we therefore assume a constant water holding capacity
of 500 mm, which is within the range of typical model values
Fig. 2. Time series of the soil moisture anomaly averaged over the
French domain (soil water content minus 10-year mean) from our
simulation driven by CRU data in comparison with the multi-model
analysis from the Global Soil Wetness Project 2 (GSWP-2) and the
Basin-Scale Water-Balance (BSWB) data set.
(see e.g., Seneviratne et al., 2006a). Sensitivity experiments
using different values or a soil hydrological map show little
dependence of the results to the exact value of this parameter
for this application (see Sect. 5.2). The water balance com-
putations result in monthly estimates of the soil water content
on a 0.05 degree resolution in France.
We verified the simulated soil water content by compar-
ing it with the multi-model analysis from the Global Soil
Wetness Project 2 (GSWP-2, Dirmeyer et al., 2006) and
the Basin-Scale Water-Balance (BSWB, Seneviratne et al.
(2004); Hirschi et al. (2006)) data set. Figure 2 shows time
series of domain-averaged soil moisture anomalies in France.
The model driven by CRU data agrees well with the two data
sets, with coefficients of determination (R2) of 0.92 and 0.90
in comparison with GSWP and BSWB, respectively. Results
from the simulations driven by E-obs (not shown) are very
similar and have R2 values of 0.93 and 0.90.
We conclude that even though the PDSI water balance
model is comparatively simple, its performance in simulat-
ing soil moisture content is respectable. It is however im-
portant to note that the model is limited to the description
of the water balance only, whereas the land surface models
participating in GSWP describe further components such as
energy and tracer component fluxes. For the present applica-
tion, we are interested in a simple drought indicator and the
tested model appears thus well suited.
As a next step, the monthly soil moisture content is used to
calculate the difference between the water holding capacity
and the minimum annual soil water content (i.e., the annual
soil moisture deficit d) as indicator for soil subsidence. This
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Fig. 3. Optimal vulnerability curves used to translate the soil mois-
ture deficit to the damage per inhabitant for the simulations driven
by CRU and E-obs meteorological data.
can also be written as
d = WC(1− θmin), (2)
where θmin is the minimum soil saturation of a specific year.
Thereon, the soil moisture deficit d is translated into dam-
age per capita based on a single empirical vulnerability curve
(see Sect. 4.2) and multiplied with the population distribution
to derive the annual damage at each grid cell. Only sparsely
populated or entirely unpopulated areas (e.g., covered by for-
est and other natural surfaces) thus do not contribute to the
simulated damage. Finally, the damage is totalized to the
damage on national level by summarizing over all grid cells.
4.2 Vulnerability curve
In our model, a vulnerability curve is needed to translate the
soil subsidence indicator to the damage degree expressed as
damage per capita. This single vulnerability curve is applied
at all grid points within the model domain, in line with our
assumption that potential regional differences in the vulner-
ability of buildings to soil subsidence are negligible for the
computation of damages on the national level.
There are no specific vulnerability curves for soil subsi-
dence available, in contrast to other hazards, such as floods
(see e.g., Dutta et al., 2003). For the present study, we there-
fore derive empirical vulnerability curves using an optimiza-
tion routine known as genetic algorithm (David, 1998). First,
an initial population of typically 100 random, monotonously
increasing vulnerability curves is created. Each curve is de-
fined at 21 supporting points covering the whole range of
possible soil moisture deficits. Then, a damage simulation
is performed for each curve and its fitness determined as the
inverse root mean square error between simulated and ob-
served damage. A subset of the 50 curves with the high-
est fitness is then selected, duplicated and slightly modified
to form a new generation of vulnerability curves. Through
iteration, the optimal vulnerability curve can thus be deter-
mined. This optimal curve is usually derived based on dam-
age simulations covering the whole domain of France and
the whole observation time period (1989–2002). Sensitivity
experiments using only half of the time period lead to very
similar results (see Sect. 5.2). Furthermore, using twice as
many points for the description of the vulnerability curve or
half as many does not result in a noticeable change of the
simulation result.
Figure 3 shows the resulting optimal vulnerability curves
for the CRU and E-obs meteorological data sets. Both curves
show the same basic shape. The damage is zero for soil mois-
ture deficits below a threshold of about 200 mm. Above this
threshold, the damage degree increases monotonously before
leveling off at higher moisture deficits. The curves are thus
highly non-linear.
5 Results and Discussion
5.1 Simulation results for 1989–2002
Simulated and observed building damages from soil subsi-
dence are depicted in Fig. 4, Panel a. Observations are avail-
able for the time period 1989–2002 (Sect. 3.1), while the
simulations using the two meteorological datasets are shown
for the time period 1960–2002. In the period with overlap
between the simulations and observations (1989–2002), the
simulations agree well with the observed damage. While no
observations are available prior to 1989, the much lower sim-
ulated mean damage and single peak in 1976 is in agree-
ment with the qualitative observation that the only severe
event of soil subsidence during this period occurred in 1976
(Salagnac, 2007).
Figure 4b displays the distribution of observed and sim-
ulated damage for the time periods 1989–2002 and 1961–
1990. Again, the observed and simulated damage distri-
butions agree well for the period 1989–2002. The simu-
lated distributions for the time periods 1989–2002 and 1961–
1990 suggest that the level of damage has more than dou-
bled in the observational period compared to the meteoro-
logical reference period (237 Mio Euro per year compared to
ca. 115 Mio Euro per year, see also Table 1).
Two first conclusions can be drawn from these results.
First, this analysis shows that within the studied region and
for the considered time period soil moisture extremes and re-
lated building damages can be well captured with a model
driven by meteorological input only. Second, we identify
that a strong shift in soil moisture conditions has already
taken place in France since the beginning of the 1990s, with
much drier conditions than in the thirty preceding years. The
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Fig. 4. (a) Damage time series from two simulations and observed damage with uncertainty range. (b) Comparison of observed (left) and
simulated (center) damage distribution for observational period 1989 to 2002 in comparison to the reference period (right). Mean value and
standard deviation are indicated by horizontal and vertical lines, respectively.
Fig. 5. Population weighted distribution of (a) annual mean temperature, (b) annual precipitation and (c) soil moisture deficit in percent per
bin of 0.25 ◦C, 25 mm precipitation and 10 mm moisture deficit, respectively.
drying trend is consistent with previous estimates of drought
trends in Europe for the second half of the 20th century (Dai
et al., 2004) and in line with climate-change projections for
the 21st century for this region (Wang, 2005; Seneviratne
et al., 2006b; Christensen et al., 2007).
The change in soil moisture conditions since 1989 in the
simulation is mainly due to an increase of temperature within
that period. This is illustrated in Fig. 5. Panel a shows the
distribution of annual mean temperatures in France, weighted
by population. The indicated percentages can thus be inter-
preted as the fraction of population living in areas with a cer-
tain mean temperature. It is clear from Fig. 5a that a dis-
tinct warming has occurred between the reference period of
1961–1990 (dashed lines) and the observation period 1989–
2002 (solid lines). This is true for both the CRU (red) and
E-obs (blue) data set. This is quite contrary to the distribu-
tion of annual precipitation (Fig. 5b), which has apparently
changed much less noticeably over the same time period. It
can thus be concluded that the shift toward higher soil mois-
ture deficits visible in Fig. 5c is a consequence of the increase
in temperature and consequently additional evapotranspira-
tion. Again, both data sets agree well.
The significance of Fig. 5c for the building damages be-
comes apparent when considered in combination with the
vulnerability curves from Fig. 3. The vulnerability curves
imply that no damage occurs for soil moisture deficits below
about 200 mm. Only the distribution above that threshold has
therefore an influence on the amount of damage. Figure 5c
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Fig. 6. Simulation results from a series of sensitivity experiments driven by the CRU meteorological observations, using only the first or
second half of the available time period for calibration; changing the soil water holding capacity to 600 or 300 mm or specifying it according
to a hydrological soil map.
Table 1. Observed and simulated damage due to drought-induced
soil subsidence in Million Euros equivalent to year 2000 prices.
Time period Observation Simulation Simulation
(CRU) (E-obs)
1961–1990 – 113 117
1989–2002 251 234 236
2003 1060a – 460
a CCR estimate only.
shows that the occurrence of high soil moisture deficits has
increased considerably in the observation period compared
to the reference period.
It is thus the non-linearity of the vulnerability curve that
has caused the distinct increase in building damages since
1989, even though the changes in soil moisture conditions
are moderate.
5.2 Sensitivity experiments
We have performed a series of sensitivity experiments to
evaluate the robustness of our model. Results from these ex-
periments are summarized in Fig. 6. First, we derived the
vulnerability curve only from the first (red dashed) or sec-
ond (red dotted) half of the damage observation period. This
resulted in a slightly inferior simulation of the other half of
the damage observation period, possibly caused by an incom-
plete adjustment of the time series to the reference year 2000.
Then, we varied the soil water holding capacity from 300 mm
(cyan) to 600 mm (blue), and by specifying it according to a
hydrological soil map (green) (FAO, 1995). None of these
changes altered the simulation results substantially, demon-
strating the robustness of the model.
5.3 Analysis for the 2003 European summer heat wave
The European 2003 summer was characterized by an ex-
treme heat wave and drought (Scha¨r et al., 2004; Andersen
et al., 2005; Ciais et al., 2005). This had dramatic impacts
in terms of human health with about 15 000 excess deaths
in France alone (Haines et al., 2006). Moreover, unprece-
dented drought-induced subsidence damages were reported
in that year, with an estimated insured loss of 1060 Mio Euro
(in year 2000 equivalent) (CCR, 2007). Only one of the
two meteorological datasets is available for 2003 (E-obs). A
comparison of simulated damages using this meteorological
dataset and the damage estimate in that year is provided in
Table 1. Despite its good performance for the time period
1989–2002, the model underestimates the observed damage
by a factor of 2.6 for 2003. While this demonstrates limi-
tations of our model, the poor performance may also be re-
lated to the uncommon drought pattern in 2003 compared to
the previous years. Our model simulations suggest that dur-
ing the reference period 1961–1990, the regular occurrence
of soil moisture deficits above a critical level of 200 mm
was confined to a limited number of regions (blue area in
Fig. 7), where such soil moisture deficits occurred at least ev-
ery second year on average. In 2003, the soil moisture deficit
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exceeded 200 mm in almost all of France (red area). Re-
gions that were previously spared from soil subsidence were
thus affected in 2003 for the first time. The analysis of re-
ported damage costs with departmental resolution shows that
these regions were more sensitive to soil subsidence, exhibit-
ing higher damage per capita by about a factor of three in
case of high soil moisture deficit compared to the other re-
gions. This is possibly due to a lack of preparedness and
adaptation. In addition, part of the damages reported in 2003
might originate from previous soil subsidence events. Such
a damage accumulation is however only plausible in regions
previously affected by soil subsidence. It can thus not explain
the higher damage levels in regions first hit in 2003.
In analogy to the sequence of events in 2003, climate
change may lead to enhanced risks of drought-induced soil
subsidence in previously humid regions (Seneviratne et al.,
2006b) which are thus not adapted to this hazard. This could
result in very high levels of damage, even in an already
near future (Seager et al., 2007). It is therefore crucial to
determine which regions will be affected by droughts and
soil subsidence with climate change. This is not only im-
portant for forecasting the potential level of future damage
but also to plan preventive measures. It is clear from the
2003 case that such measures should not only be based on
the experience of past damage but should anticipate possible
changes in drought patterns associated with enhanced green-
house warming.
6 Conclusions and outlook
Soil subsidence is a severe drought-associated hazard, which
is expected to become of increasing concern in the future. It
is thus important to develop predictive models that can allow
us to assess such impacts in both present and future. In this
study, we have demonstrated that building damages from soil
subsidence in France can be well represented with a rather
simple model driven by meteorological forcing only within
the time period 1989–2002. This indicates a strong meteoro-
logical influence on the interannual variability in soil subsi-
dence damages. Furthermore, our results reveal that the level
of damage for the French domain has likely more than dou-
bled in those years compared to the period 1961–1990. This
is mostly a consequence of increased temperature since the
1990s, suggesting a link to climate change. Though the as-
sociated soil moisture depletion is relatively moderate, the
large increase in damage is due to the non-linearity of the
derived vulnerability curve.
The analysis of the extreme 2003 European shows how-
ever that the reported high level of damage in that year can-
not be explained based on the employed model. This ap-
pears to be due to a higher sensitivity of the regions affected
for the first time by soil subsidence in 2003, possibly as a
consequence of lack of adaptation. In addition, part of the
damages reported in 2003 might originate from previous soil
Fig. 7. Drought regions in France. Blue: Regions where simulated
soil water deficits exceed 200 mm at least half of the years during
the reference period (1961–1990), as well as in 2003. Red: Regions
also affected in 2003, but not regularly during the reference period.
Gray: Unaffected regions. The numbers on the right hand side rep-
resent estimated observed 2003 damage per capita for the blue and
red regions.
subsidence events. Such a damage accumulation could how-
ever not explain the higher damage levels in regions first hit
in 2003.
Future studies on soil subsidence should investigate to
which extent adaptation or lack thereof can be included in
a model framework. Moreover, it is possible that a better
model performance is obtained by including further relevant
components such as geological or land cover information.
More detailed land surface models (e.g., Dirmeyer et al.,
2006; Habets et al., 2008) configured for urban environments
could also yield improved results. In addition, more accurate
damage observations on a regional level are needed to val-
idate the geographical distribution of soil subsidence dam-
age simulations. More detailed damage data might also lead
to a better understanding of the importance of damage ac-
cumulation. Finally, further investigations of the correlation
between meteorology, soil moisture deficits and damages oc-
currence should be performed to further test the link between
meteorology and soil subsidence. These analyses might also
lead to the specification of vulnerability curves for soil sub-
sidence.
Our study shows some first encouraging results for the
simulation of drought-induced subsidence. The ability to
correctly predict impacts of droughts, including those asso-
ciated with soil subsidence is of high importance in the con-
text of climate change. This is in particular the case due to
the non-linearity in some of the responses and vulnerability
functions.
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